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M CRO- M AT ATLJBE STRUCTURE FABRI CATI ON The present i nvéaf K<
rel ates g.eneral ly to m croemachining and m cr.of: abrication technol

and nore particularly to a nethod for f abri capg Hret-ttsqd :
structure: 5 M cro-t echnol ogy enconpass LTHE $) ShRTcHAS BEEN: egr at ed
m crof abri cati on techni ques derived from processes} appl RERLAGED o

sem conductors  and integrated circuits. These techniques 1 ncl ude
chemical etching, reactive ion etching, oxide etching, dry plasm
etching, netallization, nmetal deposition, photolithography, thermal 10

di ffusion, ion inplantation, and chem cal vapour deposition. In recent
years m cromachi ni ng and m cr BfBeMIEATIRE s TRETPREI RpERISATION e been used to
advantage to provide a variety of active and passive microstructures in
| ar ge quant ities andrAé plQWtCOSEntiNTPOG tdNEenbBAYy &3 Eﬂ?&d&&tﬁﬁlxﬁr&ﬁosed are

microfabrication technology, and more partlcularly to a method for

fabricating a miniaturised structure.

5 Micro-technology encompasses a number of integrated
microfabrication techniques derived from ptocesseé applicable to
semiconductors and integrated circuits. ' These techniques include
chemical etching, reactive ion etching, oxide etching, dry plasma
etching, metallization, metal deposition, photolithography, thermal

10 diffusion, ion implantation, and chemical vapour deposition. 1In recent
years micromachining and microfabrication techniques have been used to
advantage to provide a variety of active and passive microstructures in
large quantities and at low cost. 2among the many structures proposed are
actuators and sensors, micro-motors and a variety of other devices

15 ' including movable joints, levers, gears, sliders, springs and the like.

Historically, most of the surface-machined microstructures have
been polysilicon-based. These structures are fabricated conventionally
by chemical-vapour-deposited polycrystalline silicon films that are
etched to produce structural layer§ on the order of 1-2 pm thick. These

20 minimal thicknesses represent an inherent limitation of polysilicon-based
structures which reduces their effectiveness in some applications. For
example, polysilicon microactuators have been produced that are capable
of generating constant forces of the order of sub-micro Newtons and
torques of the order of sub-nano Newton-Meters. These devicés can be

25 used to move small objects at Mhz frequencies. On the other hand, it
would be. desirable to move objects having a size of one cubic millimeter
or more at acceleration rates as high as 100g. For that purpose, forces
of the order of milli-Newtons will be required. The fabrication of
microstructures at this level requires a design providing sufficient

.30  vertical or out-of-plane rigidity, yet very low mechanical stiffness in

the direction of acceleration such that the energy available for moving

an object is maximized.

U.5. Patent No. 5,025,346 discloses the construction of laterally
_ driven resonant microactuator structures using polysilicon thin-film
35 technigues in a sacrificial systenm. _Fabrication is based on a four mask
process wherein a 2 pm thick layer of'polysiligon is deposited by low
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actuators and sensors, mcro-notors and a variety of other devices 15

I ncl uding novable joints, levers, gears, sliders, springs-and the |ike.
Hi storically, nost of the surface-machined mc d SOEET ¢ m been
pol ysi li con-based. These structures are fabri c%ﬁ‘h" ' %Ebona-l by
chem cal - vapour - deposi ted pol ycrystalline silig¢on fil Eii f/ et ched
to produce structural |ayers on the .order of 1-2 pmthick. These 20

m ni mal thi cknesses represent an inherent limtation of polysilicon-based
structures which reduces their effectiveness in sonme applications. For
exanpl e, pol ysiP®émioi cr oact uat ors have %been produced that are capable

of generating constant forces of the order of sub-m cro Newtons and
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movements which are not desirable. Fortunately, as thickness in a given
direction dincreases, the mechanical stiffness in that direction increases
as a function of the cube of the thickness. On the other hand, stiffness

in the orthogonal direction increases only linearly.

Thus, in microstructure applications, particularly those having

15 free standing struétures, it would be desirable to increase vertical
structural thickness. This will require fabrication methods that
overcome the thickness limitations of conventional thin film deposition
techniques. Moreover, due to constraints on structural thickness in the
direction of acceleration, techniques enabling the fabrication of

20 structures having high aspect ratios (i.e., the ratio of vertical to
lateral thickness) will be required. Although various x-ray techniques
have been proposed for.generating structures having thicknesses on the
order of 100 jm, these thicknesses are much larger than necessary.
Rather, it would be desirable to provide microstructures having vertical

25 thicknesses on the order of 10 um at an aspect ratio of about. 10:1.

It is therefore an object of the invention to provide a method for
the fabrication of free-standing miniaturized structures which provides

structures having increased vertical thickness and stiffness.

Accordingly, the invention provides a method for fabricating a
30 miniaturised structure, comprising the steps of: depositing a sacrificial
layer of material on the surface of a substrate-material; patterning the
sacrificial layer to define a shape; deépositing on the sacrificial layer
a photoresist layer of material; patterning the photoresist layer by
contrast-enhanced photolithography to form a photoresist mould; plating a
35 metallic layer of material on the photoresist mould: and dissolving the

photoresist mould and the sacrificial layer using etchants to form a free

standing metallic structure. -
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35 techniques in a sacrificial system Fabrication is based on a four

mask ¥ process wherein a 2 pmthick Iayer of ponS|I|con i s deposited by
"""""" e chem cal

| ow
vapour deposition (LPCVD) over a sacrificial |a EHkmﬁHﬂﬂngﬁ&EENlcate_

~

gl ass (PSG . Follow ng appropriate patterning, the sREPLACKD al | gyer is
dissolved to yield a free standing-actuator structure and suspension
system The suspension system includes a plurality of polysilicon beans

t hat support the2actuasor for high frequenscy |ateral novenment in the plane
of the structure. At a vertical thickness only 2 /[err], however, very

sral | verti cal sti f16855 end Rahod 56 uAlLARSS, AOLABnd RuibhRgesi red
direction of a%x@t?&%’ié 9“1’eren§ iR Qsz ﬁcon ¥h1n-fe11ms ga r1ca§1onntect?l%?gxﬁas o-ghl s |ow
vertical sti ffnﬁgspxc—;{%lilsart are circumvented. Vertical thicknesses on the order of 10

pm (between about 10 and 20 pm) at an aspect ratio of about 10:1 are

5 obtained in preferred structures. This advantage has been achieved

through the use of alternative materials and an advanced lithographic and

plating technique which permits thick-structure micromachining and an

increase in structural thickness without sacrificing minimum in-plane

features.

10 Embodiments of the present invention will now be described, by way

of example only, with reference to the accompanying drawings in which:

Fig. 1 is a diagrammatic plan view of a microactuator structure

fabricated in accordance with the present invention.

'Figs. 2A-2M illustrate various stages of construction of the

15 microactuator structure of Fig. 1.

Fig. 3 is a cross-sectional view taken along line 3-3 in Fig. 1.

Fig. 4 is a diagrammatic end view of & slider tracking system for &

magnetic and/or optical storage device,

Fig. 5 is a diagrammatic side view of a head tracking system for =

- 20 magnetic and/or optical data storage system.

Fig. 6 is a diagrammatic plan view of an area-efficient multi-

electrode microactuator system constructed based on the present

invention.

Fig. 7 is a detailed view of a portion of the area-efficient

25 microactuator of Fig. 6.

Referring to Figure 1, a miniaturized structure is formed as an
electrostatic microactuator device 10. The device 10 includes a
substrate 12 having mounted therecn a pair of spaced metallic anchors 14
ancé 1& disposed at opposing longitudinal ends of the substrate 12, and a

30 pair of spaced metallic stators 18 and 20 formed on the substrate between
the anchors '14 and 16 at opposing lateral ends of the substrate 12.
There is suspended between the anchors 14 and 16 a free standing metallic

i




| arge vertical novenents which are not desirable. Fortunately, as thickness
in a given «<direction increases, the nechanical stiffness in that direction
i ncreases as a function of the cube of the thickness. On the other hand,
stiffness in the orthogonal direction increases only linearly.- Thus,
in mcrostructure applications, particularly those having free standi ng
structures, it would be desirable to i ncrease vertical structural
thickness. This will require fabrication nmethods that overcone the
thi ckness limtations of conventional thin filmdeposition techniques.
Mor eover, due to ¥9n¥ft%ints on structural %thickness in the direction of
accel eration, techniques enabling the fabrication of structures having high
aspect ratios (i.®tuatphaz whichdsofountedttoctsle anchokaterrd 14 Wackrbwsdityniof| be
requi red. Al thoughttaMad s@igénsXon membé@CHNI BB dha\se. DBER Nsupye6{ios @ehbk o
generating structifeeSeNsld flnd BbEKRLEREStuftor LH&o ARHGKchOfs OLhd RF £d as t heSE
thicknesses are n%cgllclngrilg%{ang rlhg‘pemgﬁcler?%ﬁer Xireﬁﬁ‘&h?f the' srrow designated a-A

5 in Fig. 1. 1In order to facilitate that motion, the thickness of the
suspension members 24-30, represented by the dimension "d" in Fig. 1, is
relatively thin. Thus, whereas the maximum dimension of the
microactuator structure is about 1 millimeter, the thickness "d" is about

1 micrometer. This ensures sufficient suspension flexibility to enable

10 the actuator 22 to be driven in the direction indicated. The driving
force used to position the actuator is provided by the stators 18 and 20,
Both stators include a plurality of inwardly extending electrodes 32 and
34, respectively. The actuator 22 also includes & plurality of outwardly
extending electrodes 36 and 38. The actuator electrodes 36 and 38 are

15 interleaved or "interdigitated" with the stator electrodes 32 and 34,
respectively. By application of a DC voltage potential between the
stators 18 and 20 and a conductor positioned below the actuator 22 (not
shown in Fig. 1), an electrostatic force is .generated that causes
actuator movement in the direction A-A depénding on the polarity of the

20 applied potential, as is conventionally known.

To complete the actuator structure 10, a bonding platform 40 is

formed on the top surface of the actuator 22 for bonding components to be

driven by the actuator 22. It will be further noted that the actuator 22

includes a plurality of etch holes 42 whose purpcse is to let etchant
25 pass through to undercut the sacrificial layer underneath in a final

release step, to be described in more detail below.

Turning now to Figs. 2A-2M, a preferred method for fabricating the
actuator structure 10 is shown. In Fig. 22 is shown an insulated
substrate 12 which can be made in conventional fashion from a silicon

30 wafer. The substrate 12 is passivated with silicon dioxide and silicon
nitride overcoats 50 and 52, respectively. The thickness of the
substrate 12 may vary but is typically around 100 to 500 micrometers.

The thickness of the silicon dioxide overcoat is zbout 500nm (5,000
sengstroms) and the thickness of the silicon nitride overcoat is about 0.5

35 micrometers. On top of the silicon,nitride.overcoat 52, there is
éeposited a thin conducting layer 54 having a thickness of about 0.5
micrometers. The metallic conducting layer 54 could be a doped
semiconductor material such as p-type polycrystalline silicon.
Alternatively, this layer can be deposited by sputtering a selected



woul d be desirable to provide mcrostructures having vertical thicknesses
on the order of 10 [err] at an aspect ratio of about 10:1

SUMVARY OF THE | NVENTI ON According to one aspect of the invention
there is provided a nethod for fabricating a mniaturized structure,
conprising the steps of: selecting a substrate material; depositing on the

‘substrate material a sacrificial layer of material; patterning the
sacrificial layer to define a shape; depositing on the sacrificial |ayer a
photoresi st |layer of material; patterning the photoresist |ayer by
contrast - enhanced photolithography to form a photoresist nold; plating a
metallic | ayer of ssmbenbal on the photoresist nold, said

metallic composition which may include any of the transition elements

including copper or chromium.

Following deposition, the metallic layer 54 is patterned by
photolithography and a plasma etching process. As shown in Fig. 2B, a
5 photoresist layer 56 is formed on the metallic layer 54 and a first
optical mask 57 is positioned over the photoresist layer. The
photoresist material may be of any conventional type. These materials
~have in common the property .that when exposed to an appropriate light
source, they become less resistant to subsequent photodevelopment that
10 vould dissolve the photoresist material. The mask may be formed from
conventional materials such as chrome on quartz. The photoresist layer
56 is irradiated using a collimated light source directed downwardly
along an axis which is normal to the plane of the structure. A variety
of collimated light sources may be used to expose the photoresist
15 material including light in the ultra-violet region having a wavelength
of around 365 nanometers. The exposed resist is developed and hard baked
at about 120°F for approximately one (1) hour. 2 con&entional resist
solvent is used to dissolve the exposed resist layer to form a resist
pattern as shown in Fig. 2C. Typically, photoresist manufacturers also
20 provide suitable resist solvents that are compatible with the resist

material being offered.

The patterned photoresist layer 56 is used for patterning the
metallic layer 54 by plasma etching. Carbon tetrachloride (CCL,) plasma
etching is preferred. This process removes the portions of the metallic

25 layer 54 that are not protected by the photoresist layer 56. Following
the plasma etching process, the photoresist layer 56 is dissolved,
yielding a patterned metallic layer 54 ‘as shown in Fig. 2D.

Oon top of the conducting layer 54 and the silicon nitride overcoat
52, there is deposited a sacrificial layer 58 made from a glass material
30 and preferably phosphosilicate glass or PSG. ‘This construction is
illustrated in Fig. 2E. The PSG sacrificial layer is deposited by low
pressure chemical vapour deposition (LPCVD) cr plasma enhanced chemical
vapour deposition (PECVD). Following deposition, the sacrificial layer
58 is patterned into a plate form that will be used to define the
35 interior dimensions of the anchors 14 and 16 and the stators 18 and 20.

Referring to Figure. 2F, the sacrificial layer 58 is coated with a
photoresist layer 60 and patterned by conventional photolithography using



| ayer being patterned to provide a free standing netallic
structute having an aspect ratio of at least 9:1; and dissolving the
photoresi st nold and the sacrificial layer using etchants to forma free
standing netallic structure. According to another aspect of the
invention there is provided a nmethod for fabricating mniaturized
structures having a substrate materi-al and a free standing netallic
structure positioned above the substrate, said structure being forned by
the steps of: selecting-a substrate material; depositing on the substrate
material a sacrificial layer of naterial; patterning the sacrificial layer
to define a shape; depositing on the sacrificial |ayer a photoresist |ayer
of material; pawbennioag the photoresist layer by contrast- enhanced

phot ol i thography to form a photoresist nmold having one or nore

Ki th ore5|st | ayer
substanti al | y 1\5%};L(fgiloéédq%\’\@tramh%m Ci__LU %oqgresz.si Sntg crl?:rcpglsﬁ a source of

- ort or esli
and eXpOSI ng yn C%&\’/‘F 1ght source d1rected downwardly along an axis which .

col | i mat ed radlaflo%
is normal to the plane of the structure. Again, for this purpose, any

conventional photoresist material and any conventional mask material,

phot or esi st

5 such as chrome on quartz, can be used. A variety of collimated light
sources may also be used to expose the photoresist material including
light in the ultraviolet region having a wavelength of around 365
nanometers. The .exposed resist is developed and hard baked at about
120°F for approximately one (1) hour. A hydrogen-fluoride (HF)-based

10 solution such as hydrofluoric acid is used to dissolve the exposed PSG
layer. Finally, the remaining photoresist is dissolved in a resist
solvent to yield a patterned sacrificial layer'58 as shown in Fig. 2G.

On top of the sacrificial layer 58 and the silicon nitride layer
52, an electroplating seed layer (not shown) is deposited by sputtering.

15 The plating seed layer can be formed from one of the metallic elements
and is preferably made from copper, nickel or chromium. Once the plating
seed layer is deposited, a photoresist layer 62 is deposited over the
seed layer, as shown in Fig. 2H. The photoresist layer 62 extends over
the entire footprint of the substrate 12 with the sacrificial layer 58

20 being disposed centrally underneath. The thickness of the photoresist
layer 62 will determine the thickness of the metallic components
including the anchor members 14 and 16, the stators 18 and 20, and the
actuator 22. Thus, for example, the photoresist layer 62 may be on the
order of about 10 micrometers thick or in a range of 10 to 20 micrometers

25 thick. Preferably, the photoresist layer 62 is not less than.about 2
micrometers in thickness. The photoresist layer 62 may be formed from
conventional photoresist materials including products sold under the

brand names AZ 4000 and AZ 6000.

The photoresist material is spun onto the structure in conventional
30 fashion. Thereafter, as shown in Fig. 2H, a barrier layer 64 which can
be made from sosp material or the like is spun onto the photoresist
layer. A contrast enhancement layer 66 is then spun onto the barrier
layer 64. The contrast enhancement layer 66 is used to provide sharp
optical contrast during subsequent photolithography in order to develop
35 very sharp-edged, straight sided wall surfaces in the photoresist layer.
This results in a form of contrast-enhanced lithographic structure. The
contrast enhancement layer 66 is preferably made from one or more
bleachable dyes having, for example, diaryl nitrones therein. The
expression "bleachable dye" refers to the fact that the contrast



wavel engt h of about 365 nanoneter, and thereafter photodevel oping the

phot or esi st | ayer

to renove the unmasked portions of the photoresist

| ayer; electro-plating a netallic layer of material on the photoresist
nol d, said photoresist |ayer being patterned to provide a free standing
metal lic structure having an aspect ratio of at |east 9:1; and dissolving
the photoresist nold and the sacrificial |ayer using etchants to forma
free standing netallic structure. According to still another aspect
of the invention there is provided a nethod for fabricating mniaturized
structures having a substrate material and a free standing netallic

structure positioned above the substrate,
the steps of: seF&cPiAft a substrate materi al;

material a sacrificial layer of material; patterning the sacrificial
to define a shapepgnideqasitt iapg bitoidctrampateht Ghal expbsrdete @dpitinofres jast
of material; pattgidibRi@ndgh@npo)t@éa@Sdobicel MYRS a liyitaoal &msdy- 1evenhanced
phot ol i t hography {g..5Qr [PaguePNiOI REL L int DilebyieD! ateNbner 2B bitahdefenk QG OF
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functions as an optical switch which, upon activation, allows
phaotodevelopment of the photoresist material below. This facilitates
uniform photodevelopment of the underlying photoresist material so that

upper portions are not overexposed while lower portions remain

underexposed. A preferred contrast enhancement material is available
from General Electric Corporation under the trademark "CEM 388". The

critical energy level will vary with the thickness of the photoresist and

the contrast enhancement layer.

Referring now to Fig. 2I, a third optical maﬁk 68 is used to
pattern the photoresist layer 62, the barrier layer 64 and the contrast
enhancement layer 66 to form a mould for subsequent electroplating. The
third optical mask 68 can be made conventionally from chrome on quartz,
with the photoresist layer 62, the barrier layer 64 and the contrast
enhancement layer 66 serving as a composite positive photoresist layer.
By appropriate radiation exposure and selective resist hardening, exposed
areas of the composite photoresist layer are dissolved by subsequent
photo development and hardening while portions of the resist underneath
the third optical mask 68 remain intact. The radiation source of choice

for patterning the composite photoresist layer is a low numerical

aperture (NA) projection system. The system provides highly collimated

radiation in the ultraviolet region and preferably at a wavelength of
about 365 nanometers directed substantially normal to the plane of the
structure. The exposed resist is thereafter developed but is not hard

baked.

The patterning of the composite photoresist layer yields a mould
structﬁre, as exemplified by Fig. 2J, that defines the shape and
configuration of the metallic anchors 14 and 16, the actuator 22 and the
stators 18 and 20, shown in Fig. 1. Moreover, the plural etch holes 42
are defined. Using the described photolithographic patterning process,
photoresist stencils or molds up to 20 um thick, with aspect ratios of
@:1 to 10:1 and even higher can be readily gchieved, thus permitting the
development of metallic structures that are fairly thick in the out-of-
plane direction (relative to Fig. 1) while allowing very thin features,
such as the spacing of the interleaved electrodes, to be formed in the
plane of the structure. With the photoresist formed in the manner
described, a metallic structure 69 can be deposited as shown in Fig. 2X

said structure being fornmed by
depositing on the substrate

| ayer
| ayer



material on the photoresist nold, said photoresist |ayer being patterned to
provider a free standing structure having an aspect ratio of at least 9:1

and a vertical thickness between about 2-20 microneters; and

di ssol ving the photoresist nold and the sacrificial |layer wusing etchants
to forma free standing netallic structure. Enbodi nents of the
present invention will now be descri-bed, by way of exanple only, with
reference to the acconpanyi ng drawi ngs i n which: Fig. 1is a

diagrammatic plan view of a m croactuator structure fabricated in

accordance with the pr nt i '
SAS,_91_104p esent | nvention.

by electroplating using the plating seed layer as an electroplating
electrode. The plating material can be any of the metallic elements and
is preferably a transition element such as copper, nickel or chromium

when the sacrificial layer is phosphesilicate glass.

5 Referring to Fig. 2L. following the metallic plating step, the

bonding platform 40 is created by depositing a photoresist layer 70 on
the plated metallic layer 69. The photoresist layer 70 is made from a
conventional resist material. A fourth thical mask 72 is placed over the
photoresist layer 70. Again, the optical mask is a conventional material

10 such as chrome or quartz. The photoresist layer 70 is exposed to a
collimated light source providing light in the ultra-violet region having
a wavelength around 365 nanometers. This light is directed downwardly
along an axis which is normal to the plane of the structure. The exposed
resist is thereafter developed but is not hard baked. The patterned

15 resist is then used as an electroplating mould to form a metal structure
74, as shown in Fig. 2M. This structure forms the bonding platform 40

when the resist layer 70 is dissolved.

Following construction of the bonding platform 40, the remaining
composite photoresist layer, including the layers 62, 64 and 66, the seed
20 layer and the sacrificial layer 58," are all dissolved to form the
metallic anchor structures 14 and 16, the stator structures 18 and 20,
and the free standing actuator structure 22, including the suspension
members 24-30 and the interleaved electrodes 32-38. A cross-section of
this configuration is shown in Fig. 3. The etchant used to dissolve the
25 sactifici#l layer 58 is preferably hydrofluoric acid or any other
suitable HF-based solution when the sacrificial layer is made from
phosphosilicate glass and the metallic structure 69 is made from copper
or chromium. These materials advantageously provide an etch rate of
around 1 micrometer per minute or greater in the sacrificial material at
30 room temperature, and a negligible etch rate of the copper or chromium
metallic structure. Thus, the hydrogen fluoride-based etchant provides

good etching selectively with respect to a PSG sacrificial layer 58 and a

Cu or Cr metallic structure 69.

It will be appreciated that structures having high aspect ratios
35 can be conveniently formed using the fabrication method described above.
High aspect ratio structures such as the microactuator 10 are expected to
have numerous applications wherein it is desirable to minimize vertical

or out-of-plane deflection while generating good in-plane actuating



Figs. 2A-2Millustrate various stages of construction of the m croactuator
structure eof Fig. 1. Fig. 3 is a cross-sectional view taken al ong

line 3-3 in Fig. 1. Fig. 4 is a diagramatic end view of a slider

tracki ng systemfor a magnetic and/or optical storage device. ., Fig. 5
Is a diagranmmatic side view of a head tracking systemfor a magnetic and/or
optical data storage system Fig. 6 is a diagranmatic plan view of an

area-efficient nmulti-electrode mcroactuator system constructed based on
the present invention. Fig. 7 is a detailed view of a portion of the

area-efficient mcroactuator of Fig. 6. Referring to Figure 1, a
m niaturized structure is formed as an electrostatic mnicroactuator device

10. The devichggbhﬂpludes a substrate g12 having nmounted thereon a pair of
spaced netal l'ic anchors 14 and 16 di sposed at opposing | ongitudinal ends of

t he

forces. For example, high aspect ratio microactuators could be
economically used in sub-micrometer tracking for magnetic or optical
recording. Examples of this application are illustrated in Figs. 4 and

5.

5 Fig. 4 illustrates a slider tracking system 100 showing a
microactuator 102 constructed in accordance with the invention,
sandwiched between a tracking arm suspension assembly 104 and a slider
106 having a pair of magnetic heads 108 and 110 mounted thereon. The
microactuator 102 is shown as including a substrate 112, a free standing

10 actuator structure 114 and a bonding platform 116 to which the slider 106
is mounted. The device of Fig. 4 can be constructed to have large
vertical stiffness (40 kN/m) and 1 mN force yielding a 1.6 kHZ bandwidth

for 1 micrometer tracking with a 10 milligram load.

An alternative construction for a head tracking system 120 is
15 illustrated in Fig. 5. A slider 122 is shown as having a lower air
bearing surface 124. A thin film head 126 is mounted to the slider 122
via a microactuator structure 128 constructed in accordance with the
present invention. Again, extremely fine fracking corrections are

provided by the microactuator 128.

20 Figs. 6 and 7 illustrate a preferred microactuator construction for
developing in-plane actuating forces, in this case, an area-efficient,
multi-electrode microactuator structure 130. This electrode tree
structure includes a pair of stators 132 and 134 éach having multiple
branches 136 and 138, respectively. Each branch in furn has plural

25 fingers 140 and 142 extending laterally outwardly therefrom as more
clearly shown in Fig. 7. The tree structure further includes an actuator
144 having plural branches 146 each having plural electrode fingers 148
extending laterally therefrom, as also illustrated in Fig. 7. The
actuator 144 is mounted by plural suspension members 150, 152, 154 and

30 156 to a pair of anchor structures 158 and 160. 1In this approach, each
pair of fingers forms an energy conversion cell which popularizes the
whole area and efficiently converts electrical field energy into force or
torque and maintains a constant output versus input relation within a
small operational range. It is estimated that if the structure of Figs.

35 6 and 7 is sized to encompass an area of 1 millimeter by 1 millimeter
with an out-of-plane thickness of 20 micrometers, electrodes having a
width of 6 micrometers, with 2 micrometer air gaps, a 10 micrometer

branch width, a branch separation of 25 micrometers for the



substrate 12, and a pair of spaced netallic stators 18 and 20 formed on the
substrate between the anchors 14 and 16 at opposing |ateral ends of the
substrate 12. There is suspended between the anchors 14 and 16 a free

standing netallic . SA9-91-104 )
4 actuator 22 which is nmobunted to the anchors 14 and 16 via a

plurality of

SA9-91-104 10

interdigitated fingers, and 5 micrometers otherwise, and a maximum
voltage of 100 volts, a lateral force of 1.1 milli-Newtons could be
achieved. For structural integrity, the electrode tree structure 130
could be provided with a top plate to hold all of the movable actuator
5 electrode branches together. The plate could be either metal or formed
from a process-compatible dielectric material. Assuming a 5 micrometer
separation between the plate and stator electrode branches, it is
estimated that a small vertical force of 0.3 milli-Newtons would result.
The vertical stiffness, being at least three orders of magnitude larger
10 than a comparable structure made_from polysilicon, should be ab;e to

accommodate this load with minimal out of plane deflection.



metal li ¢ suspension nenbers 24, 26, 28 and 30. The suspensi on nenbers

are flexible beans joining the actuator 22 to the anchors 14 and 16 so as
to allow in-plane novenent in the direction of the arrow designated A-A 5
in Fig. 1. In order to facilitate that notion, the thickness of the
suspensi on nenbers 24-30, represented by the dinension "d" in Fig. 1, is
relatively thin. Thus, whereas the nraxi num di nension _of the :

m croactuator structure is about 1 mllinmeter, t eH'mQISHEEES-H-\S BEEN $ about
1 microneter. This ensures sufficient suspension |flexi RppiAQEDt 0 engble 10
the actuator 22 to be driven in the direction ind T ng

force used to position the actuator is provided. by the : stators 18 and 20.
Both stators kgrg{ Mge a plurality of inwardly extending g el ect ectro‘creS"-SZ and
34, respectively. The actuator 22 al so includes anp!iSlreetIHa;

extending el ectrodes 36 and 38. The actuator el ect are 15
interleaved or "interdigitated" with the stator eI ﬂ

respectively. By application of a DC voltage pot entl a

stators 18 and 20 and a conductor positioned bel ow the actuator 22 (not
shown in Fig. 1), an electrostatic fomages i s generated that causes

actuator novement in the direction A-A depending on the polarity of the 20

appl i ed potenti aI as, is.c on Y, . Lo;.gonpl ete the
act uat or structuré 10A ethﬁé)g%fl Elatb&fpclagit"{;orﬁ;l%cl)mflszEd Strucﬁ‘u(g?'rrgapronm'%he top

surface of thRee a\':f’f’ﬂafor 22 for bonding conponents to be driven by the
actuator 22. |t webdsitieg pusecti€icinbiaygr t(ARd of Reterked (PaLBf s9Eface of 3j nel udes a

plurality of s@ischthabi2siad2(1vhose purpose is to |l et etchant
patterning the sacrificial layer to define a shape;
depositing on the sacrificial layer a photoresist layer (62) of
material;
patterning the photoresist layer by contrast-enhanced
L0 photolithography to form a photoresist mould;
plating a metallic layer (68) of material on the photoresist mould;
and
dissolving the photoresist mould and the sacrificial layer using

etchants to form a free standing metallic structure.

15 2. 2 method as claimed in Claim 1 wherein the materials of
sacrificial layer, the metallic layer and the etchants are chosen to
provide high etching selectivity so as to etch the sacrificial layer at a

substantially higher rate than the metallic layer.

3. A method as claimed in Claim 1 or Claim 2 wherein the
20 sacrificial layer is formed from a glass material, the metallic layer is
formed from a transition element and the etchant is made from an HF-based
acid material. '
4. 2 method as claimed in any preceding claim wherein the

sacrificial layer is phosphosilicate glass (PSG), the metallic layer is

25 copper or chromium and the etchant is hydrofluoric acid (EF).

5. 2 method as claimed in any preceding Claim wherein the step
of depositing a photoresist layer further includes the step of depositing

a contrast enhancement layer (66) on the photoresist layer.

6. A method as claimed in any of claims 1 to 4 wherein the step
30 of depositing a photoresist layer further includes the step of depositing
a barrier layer (64) on the photoresist layer and a contrast enhancement

R ) B O

laver on the barrier layer.



25 pass through to undercut the sacrificial |ayer underneat
rel ease step, to be described Tn nore detail bel ow
to Figs. 2A-2M a preferred netodhetiafas BahiReglatd ng t he a

h in a final
Tur ni ng now

ct uat or

substrate 12

ct r.at

structure 10 is shown. In Fig. ' i.nsul at ed

whi ch can be nmade in convention “R a sili HrngEmaHﬁs.BEEm e

substrate 12 is passivated with I'de and s[lj'!:"orhEPLﬁcgbtri de|
e . Sl

overcoats 50 and 52, respectively. The thickness of t
may vary but is typically around 100 to 500 microneters.

of the silicon dioxide overcoat is about 500nm (5, 000 an
the thickness Qholghgogilicon nitride ovepcoat is about 0.5 3
On top of the silicon nitride overcoat 52, there is depo
conducting | ayer 54 having a_.thickness of about

7

rratc L

The thi ckness
gstrons) and
5 mcroneters.
sited a thin

m crometers. The

0.5 °
metal | i ¢ conducting’l ay@r’“gg’ﬁd GO HEE 1% CHPe°r B EntEEHAUEE or nateri al
such as p-type BOArSEr Foensrrerhdaxsy | iscippmed from A qoBpRAYPY EFYANI Bhi s | ayer can

be deposited bylepbabiledrntheseisel ect ed

8. A method as claimed in any preceding Claim wherein t

S of patterning the photoresist layer includes masking the photore
layer and exposing unmasked portions of the photoresist layer by

a source of collimated radiation having_a wavelength of about 36

he step
sist
means of
5 pm.

9. ' A methed as claimed in any preceding Claim wherein the
photoresist layer is formed at a thickness of not less than about 2 .

10 10. A method as claimed in any preceding claim wherein the

photoresist layer is deposited to a thickness in the range of 10

microns.

to 20

11, The method of Claim 1 wherein the photoresist layer is

patterned so as to provide a mould for producing a free standing

15 structure having a2 maximum aspect ratio of at least 9:1.

metallic

12. A method for fabricating & miniaturized electrostatic

actuator structure including a positionable actuator mounted by plural

springs to a base, a stator structure and plural electrostatic drive

elements between the actuator and the stator structure, the method

20 comprising the steps of:

securing an electrically conducting layer. to an insulated

substrate material;

patterning the electrically conducting layer by photolithography

using a first optical mask to form a ground electrode;

25 depositing on the electrically conducting layer and on the
insulated substrate material a sacrificiazl layer made from a
phosphosilicate glass material;

patterning the sacrificial layer by photolithography using

a second

cptical mask to define an area of free space around an actuator to be

30 formed;

plating a seed layer of a copper or chromium material on the

sacrificial layer, the electrically conducting layer and the insulated

substrate;

depositing a first photoresist layer on the sacrificial layer;

35 depositing a barrier layer on the first photoresist layer:

depositing a contrast enhancement layer on the barrier layer;

[



SA9-91-104 5 ~nmetallic conposition which

may i ncl’ude 5ny of the transiti-on el enents I ncl udi ng copper or

chrom um Fol | owi n ﬂaespgggtj_ﬁ' Rr&ed the netallic layer 54 is
patterned by photolith asma etching process. As shown
in Fig. 2B, a 5 photoresis m “@‘ ormed o tallic layer 54
and a first optical nas . ned ove THI&SﬁEETFﬂﬂ\S%]EEW ayer.
The photoresist material may be of any conveniionalREPYAgEp ThESE
material s have in common the property that when

appropriate |ight source, they becone | ess resistant to subsequent
phot odevel opnent that 10 would dissolve the photoresist nmaterial. The
mask may be f ghyrd-1tbg om conventiongl materials such as chrone on

guartz. The photoresist |ayer
patterning the first photoresist layer, the barrier layet and the
contrast enhancement layer by photolithography using a third optical mask
to define an actuator structure including an actuator, a base structure,
plural springs connected between the actuator and the base structure to
5 support the actuator from movement, the plural springs havinéfdn aspect
ratio of at least 9:1, and to further define a stator and plural
interdigitated electrostatic drive elements extending between the
actuator and the stator;
plating a layer of copper or chromium on the patterned photoresist
10 layer;
depositing a second photoresist layer on the layer of copper or
. chromium; o
“ patterning the second photoresist layer by photolithography using
fourth optical mask to form a bonding platform for securing components to
15 the actuator structure; and
dissolving the sacrificial layer using a hydrogen fluoride etchant
to form a free standing metallic actuator mounted by the plural springs

to the base structure.

' * € L M-S - *



56 is irradiated using a collimated Iight source directed downwardly
along an axis which is normal to the plane of the structure. A variety
of cdllimated i ght sources may be used to expose_ihe phetore 15
material including light in the ultra-violet reglonHmﬁﬁﬁa@ %A%éibmength
of around 365 nanoneters. The exposed resist is d veIo@EﬁLNHHJhard baked
at about 120[err]F for approxi mately one (1) hour*A—conventional resi st
solvent is used to dissolve the exposed resist |layer to forma resist
pattern as shown in Fig. 2C. Typically, photoresist manufacturers also 20
provi de suit abisesr-e®i st solvents that gfe conpatible with the resist

mat eri al bei ng of fered. The patterned photoresist |ayer 56 is
used for patterning the nmetallic |ayer 54 by plasma etching. Carbon
tetrachloride (CCL[err]) plasma etching is preferred. This process

removes the portions of the netallic 25 |layer 54 that are not protected by
t he photoresist |ayer 56. Follomﬁngnmﬂmmmthe pl asma etching process, the

photoresist |ayer 56 is dlssolve ieldin atterned netallic |ayer
54 as shown in Fig. 2D  MICRO-MINIA %BﬁE Rgﬁg gonducting | ayer 54 and
the silicon nitride overcoat 52, there is deposited a sacrificial

| ayer 58 nade froma glass nmaterial 30 and preferably phosphosilicate
glass or PSG This construction is illustrated in Fig. 2E. The PSG

sacrificial |ayer It shdégposrtied obye fperstandipr eisareizehetrncdake yapour
depOSi tion 5( LLP%D):I gﬂouph@%%o%h@niglgda %E‘é’a% %Qgeé on, a sacrificial system
includes the steps of selecting a substrate materizl, depositing on the
;ubstrate material a sacrificial layer 58 of meterial and patterning the
sacrificial layer to deFine a shape A photove ist layer 62 of materizl
is deposited on the sa cr1-1c1a1 -uyer and patterned by contrast-enhanced
10 photolithography to form a photoresist mould. Upon the mould there is
pla£ed a metallic layer €8 of meterial. The elzctroplated structure
conforms to the resist profile and can have a thickness many times that
of conventional polysilicon microstructures. The phoforesist mould and
the sacrificial layer are therezfter dissolved using etchants to form a
15 free standing metallic structure in a range of z-out 10 to 20 pm thick,

with vertical to lateral aspect ratios of 2:1 to 10:1 or more.

Sheet Has Been Replaced

T




vapour deposition (PECVD). Follow ng deposition, the sacrificial |ayer

58 is $tterned into a plate formthat will be used to define the 35
interiof d™fensions of the anchors 14 and 16 and the stators 18 and 20.
Referring to Figure. 2F, the sacrificial layer 58 is coated with a

phot oresi st l'ayer 60 and patterned by conventional photolithography using
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SA9- 91- 104 6 | ayers, followed by
i rradi ati ng the photoresist and sacrificial layers using a
collimated light source directed downwardly al ong an axi s which S
normal to the plane of the structure. Again, for this purpose, any
conventional photoresist material and any conventional mask material, 5
such as chrone on quartz, can be used. A variety of collimted |ight
sources may al so be used to expose the photoresist material including
light in the ultraviolet region having a wavel ength of around 365
nanoneters. The exposed resist is devel oped and hard baked at about
120 F for approximately one (1) hour. A hydrogen-fluoride (HF)-based 10
sol ution such as hydrofluoric acid is used to dissolve the exposed PSG
| ayer. Finally, the renaining photoresigstgis dissolved in a resist
solvent to yield a patterned sacrificial l'ayer 58 as shown in Fig. 2G
On top of the sacrificial layer 58 and the silicon nitride |ayer 52,
an el ectropl ating seed | ayer (not shown) is deposited by sputtering. 15
The plating seed | ayer can be formed fromone of the netallic elements
and is preferably nmade from copper, nickel or chromum Once the plating
seed | ayer is deposited, a photoresist |layer 62 is deposited over the
seed | ayer, as shown in Fig. 2H The photoresist |ayer 62 extends over
the entire foo‘t\‘print of the gb‘@trat‘g 12 vvit.bc;thge sacrificgial layer 58 20
bei ng di spos nt&ally un h.<=The thi s pf the t oj esi st
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| ayer 62 will determ ne the thickness of the netallic conponents

including the anchor nmembers 14 and 16, the stators 18 and 20, and the
actuator 22. Thus, for exanple, the photoresist |ayer 62 nay be on the
order of about 10 microneters thick or in a range of 10 to 20 m croneters
25 thick. Preferably, the photoresist |ayer 62 is not |ess than.about 2
m croneters in thickness. The photoresist |ayer 62 may be forned from .
conventi onal photoresist materials including products sold under the

brand nanmes AZ 4000 and AZ 6000. - The photoresist material is
spun onto the structure in conventional 30 fashion. Thereafter, as . shown
in Fig. 2H a barrier layer 64 which can 9be made from soap material or
the like . is spun onto the photoresist ?éyer. A contrast enhancenent

| ayer 66 is then spun onto the barrier - layer 64. The contrast
enhancenment | ayer 66 is used to provide sharp optical contrast during
subsequent photolithography in order to develop 35 very sharp-edged,
straight sided wall surfaces in the photoresist |ayer. This results in
a formof contrast-enhanced |ithographic structure. The cont r ast
enhancenment | ayer 66 is preferably nmade from one or nore bl eachabl e
dyes having, for exgnmple, diaryl nitgpnes gherein. The exg;e§§ion
"bl eachabl e dye" rerqgs %b the fact that t?ﬁ?coﬁ*rast v 2 7
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7 enhancenent | ayer becones
when exposed to radiation froma

3

source above a critical
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from General Electric Corporation under the trademark "CEM 388". The 10
critical ienergy level will vary with the thickness of the photoresist and

t he contrast enhancenent |ayer. - Referring nowto Fig. 21, a
third optical nmask 68 is used to pattern the photoresist |ayer 62, the
barrier layer 64 and the contrast enhancenment |ayer 66 to foorma nould
for subsequent electroplating. The 15 third optical nmask 68 can be nmade
conventionally fromchrome on quartz, wi th the photoresist |ayer 62,
the barrier layer 64 and the contrast enhancenent | ayer 66 serving as
a conposite positive photoresist |ayer. By appropriate radiation
exposure and sel ective resist hardeni ng, exposed areas of the
conposite photoresist |layer are dissolved by subsequent 20 photo

devel opnent and hardening while porti dnsy of the resist underneath t he
third optical mask 68 remain intact. The radiation source of choice

for patterning the conposite photoresist layer is a | ow nunerica

aperture (hM&cprOJectEQn s% m The system provi gges BBgE y col linated

radi ati on | 8 ' Aof 25
about 365 ) ' of "t he
structure. | ' | Bard
baked. ‘\~\\;k ' t ' t ' ¥er yields
a noul d S A h%zshape

and
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30 configuration of the netallic anchors 14 and 16, the actuator 22 and

t he .Statgrs 18 and 20, shown in Fig. 1. Mreover, the plural etch holes
42 are defi.ned. Using the described photolithographic patterning
process, photoresist stencils or nmolds up to 20 pmthick, wth aspect
rati os of 9:1 to 10:1 and even higher can be readily achi eved, thus
permtting the 35 developnent of netallic structures that are fairly thick
in the out-of- pl ane direction (relative to Fig. 1) while allow ng very
thin features, such as the spacing of the interleaved el ectrodes, to be
formed in the pl ane of the structure. Wth the photoresist formed in
t he manner described, a netallic structure 69 can be deposited as shown
in Fig. 2K
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SA9-91- 104 8 by el ectropl ating using the
pl ating .seed;l ayer as an el ectroplating el ectrode. The plating

mat eri al can “be any of the nmetallic elenents and is preferably a
transition el ement such as copper, nickel or chrom um when_t he
sacrificial |ayer is phosphosilicate gl ass. 5 Referring to Fig.
2L. following the netallic plating step, the bonding platform40 is
created by depositing a photoresist |ayer 70 on the plated netallic

| ayer 69. The photoresist layer 70 is made.froma conventional resist
material. A fourth optical mask 72 is placed over the phot or esi st

| ayer 70. Again, the optical mask is.ff onventional material 10 such as
chronme or quartz. The phot or esi st ger 70 i s exposed to a

collimated |ight source providing llght in the ultra-violet region having
a wavel ength around 365 nanoneters. This light is directed downwardly

al ong an axis which is normal to the plane of the structure. The exposed
resist is thereafter devel oped but is not hard baked. The patterned 15
resist is then used as an electroplating nould to forma netal structure
74, as shown in Fig. 2M This structure forns the bondlng pl at f orm 40
mhen the resist layer 70 is dissolved.-
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Fol I owi ng construction of the bonding platform 40, the renaining

conposi te photoresist |ayer, including the [ayers 62, 64 and 66, the seed
20 layer ant the sacrificial |ayer 58, are all dissolved to formthe
metal lic anchor structures 14 and 16, the stator structures 18-and 20,

and the free standing actuator structure 22, including the suspension
menbers 24-30 and the interl eaved el.ectrodes 32-38. A cross-section of —
this conf+guration is shown in Fig. 3. The etchant used to dissolve the 25
sacrificial layer 58 is preferably hydrofluoric acid or any other

sui tabl e HF-based sol uti on when the sacrificial layer is nmade from
phosphosilicate glass and the netallic structure 69 is nmade from copper

or chromum These materials advantageously provide an etch rate of

around 1 mcroneter per mnute or greateg/9n the sacrificial material at 30
room-tenperature, and a negligible etch rate of the copper or chrom um
metallic structure. Thus, the hydrogen fluori de-based etchant provides
good etching selectively with respect to a PSG sacrificial layer 58 and a

Cu or O netallic structure 69. : It will be appreciated that
structures having high aspect ratios 35 can be conveniently formed using
the fabrication nmethod descri bed above. Hi gh ect ratio structures
such as the mcroactuator 10 are have nunerous applications
wherein it is desirable to mnim ' or out-of -plane deflection
whi | e generating good in-pl ane ' p
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SA9-91- 104 9 forces. For exanple, high
aspect ratio {1 croactuators could be economcally used in

sub-mi croneter tracking for magnetic or optical recordi ng. Exanpl es
of this application are illustrated in Figs. 4 and 5. .
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5 ~ Fig. 4 illustrates a slider tracking syster HREa==
m.croact uator 102 constructed in accordance with the mBEHtAQﬁMENT&HE“T
sandwi ched between a tracking arm suspensi on assenbl y|]104 anggam w
106 having a pair of magnetic heads 108 ai]d 110 nount gdbether.e8dn-s: g
m croactuator 102 is shown as including a substrate 1
10 actuator structure 114 and a bondin é)l atform 116 to which the.slider
106 i s nounted. The deV/HEBOFHNEAYRESTRICTRE FAFRIATIMN ed to have | arge
vertical stiffness (4.0 kNNm and 1 nN force yielding a 1.6 kHZ bandw dth
for 1 mcroneter t I

'f‘}fbcbiféglnw 1tnbex"f‘tﬂag :Eglak:ég ﬁ@ﬂ%#a@f’f’ to mlcrcmachi%;ng ﬁhust fat ed

alternative construction fo head track system

in Fig. 5. ’s"IrPﬁ%tf”f?"ﬂmf‘s“scHB‘&&?g&s ﬁ?&v‘l“?f@ Bantagarly to a methad,for,
surface 124. febrlicatingl anmieieduiided struotunteed to the slider 122 via a
m croactuator structure 128 constructed in accordance with the pr esent

i nvention. _Agai n, ext reme fine tracking correcti ons are provi ded by
the ni croattuat or Msgo" tec%bgy e“.°°'l‘-ﬂa§§e96‘ aypey of| infegratied a preferred

m cr oact uat ormicenfdhricition feghniques dbeieddfrongpravepsesneppddtatsiltel g f or ces,
in this Case’seﬂl@cﬁ{cﬁ‘i@t&f bid Qﬂéegrated CM\IlItS el ?EJsEOE’e%hHl&EQaﬁHQé

structure 130 .éa} ctrode tree tructure includes a pair
fhgmie gk

stators 132 & inga FEATHNEI 197 F Eehing, °E’rd§n"c'ifé‘§“‘-1'3§r %ﬁ&ai";@%
respectivel y.etEhitg bmevrdhidatiomr metads depasitiong Sphotoigbegrapiy), dhermbd?2
ext endi ng1d atBEehd don Ui ¥ntftessS a8 hemidd] Svapour deposition. In recent

years micromachining and microfabrication techniques have been used to

advantage to provide a variety of active and passive microstructures in
large quantities and at low cost. Among the many structures proposed are
actuators and sensors, micro-motors and a variety of other devices

15 © including movable joints, levers, gears, sliders, springs and the like.

Historically, most of the surface-machined microstructures have
been polysilicon-based. These structures are fabricated conventionally
by chemical-vapour-deposited polycrystalline silicon films that are
etched to produce structural layers on the order of 1-2 pm thick. These

20 minimal thicknesses represent an inherent limitation of polysilicon-based
structures which reduces their effectiveness in some applications. For
exémple, polysilicon microactuators have been produced that are capable
of generating constant forces of the order of sub-micro Newtons and
torques of the order of sub-nano Newton-Meters. These devicés can be

25 wused to move small objects at Mhz frequencies. On the other hand, it
would be desirable to move objects having a size of one cubic millimeter
or more at acceleration rates as high as 100g. For that purpose, forces
of the order of milli-Newtons will be required. The fabrication of
microstructures at this level requires a design providing sufficienﬁ'

30 vertical or out-of-plane rigidity, yet very low mechanical stiffness in
the direction of acceleration such that the energy available for moving

an object is maximized.

U.é. Patent No. 5,025,346 discloses the construction of laterally
driven resonant microactuator structures using polysilicon thin-film
35 techniques in a sacrificial system. Fabrication is based on é'four mask .
process wherein a 2 ym thick layer of polysilicon is deposited by low .
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‘clearly shown in Fig. 7. The tree structure further includes an actuator-

144 having plural branches 146 el ectrode fingers 148
extending laterally therefrom eﬁﬂﬁs%'&?% E%ﬁ%j inEig. Z _The

actuator 144 is nmounted by plur3l sus GED nenbér
156 to a pair of anchor structures 158 and 160. n
pair of fingers forns an energy conversion cell whi
whol e area and efficiently converts el qgtrical fiel
torque and mai ntai ns a constant output versus input relation mnthln a
smal | operational range. It is estimated that if the structure of Figs.
6 and 7 is sized to enconpass an area of 1 mllimeter by 1 mllineter
with an out-of-plane thickness of 20 nmicroneters, electrodes having a
width of 6 mcronmeters, with 2 mcroneter air gaps, a 10 mi croneter
branch wi dth, a branch separation of 25 microneters for the
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MICRO-MINIATURE STRUCTURE FABRICATION

REPLAGEMENT Bizand)|

------------------------------

ABSTRACT

In the fabrication of a free-standing miniaturized structure in a range of about
10 to 20 pm thick, a method based on a sacrificial system includes the steps of
selecting a substrate material, depositing on the substrate material a sacrificial layer
(58) of material and patterning the sacrificial layer to define a shape. A photoresist
layer (62) of material is deposited on the sacrificial layer and patterned by contrast-
enhanced photolithography to form a photoresist mmould. Upon the mould there is
plated a metallic layer (68) of material. The electroplated structure conforms to the
resist profile and can have a thickness many times that of conventional polysilicon
microstructures. The photoresist mould and the sacrificial layer are thereafter
dissolved using etchants to form a free standing metallic structure in a range of about
10 to 20 pum thick, with vertical to lateral aspect fations of 9:1 to 10:1 or more.

FIG. 2M

hi s a;ip_i Mﬁsﬁgch

30

or

35

i /////l/l//iif“



o

1. A nmethod for fabricating a mniaturized struct ur,g=EohrprFsFrRgthe=
steps of: sel ecting a substrate material ; REREHSEMENM GHEETL
substrate material a sacrificial |ayer of material; thgeA ngg’
sacrificial layer to define a shape; 2 deposi t i npDete t-he--sactt-f+-ci
| ayer a photoresist |ayer of material; _patter 1
| ayer by contrast-enhanced photolithography to forma photoresist nold;

pl ati ng apresturklchemlicy espmir depodsitiom(LRCVDhev@rhoiaetifisias layepd bfl phesphdsilicate
photoresi st |layer being patterned to provide a free standing netallic

st r uct ur e ghav(PSGRhn Fallpwing appropriatd patterningathe scrificialnldyer is dissolved solyieldig

t he photoresist nold and the sacrificial |ayer using etchants to forma
free standi fige nanding @ceiafaicstiiciure and suspeBsSigiptSy8i@mof EheaiSHSPEnsighesystem t he

sacrificial layer, the netalli¢c |ayer and the .
?nclu e3s/ a plural(laty of polysilicon %eams that support the actuator for high frequency

L me = % e v il
- D D

lateral movement in the plane of the structure. At a vertical thickness only 2 um,
hoWever, very small vertical stiffness, that is, stiffness normal to the desired direction of
acceleration, is provided by the suspension beams. This low vertical stiffness causes
large vertical moveménts which are not desirable. Fortunately, as thickness in a given
direction increases, the mechanical stiffness in that direction increases as a function of
the cube of the thickness. On the other hand, stiffness in the orthogonal direction
increases only linearly.

Thus, in microstructure applications, particularly those having free standing
structures, it would be desirable to increase vertical structural thickness. This- will
require fabrication methods that overcome the thickness limitations of conventionali thin
film deposition techniques. Moreover, due to constraints on structural thickness in the
direction of acceleration, techniques enabling the fabrication of structures having high'
aspect ratios (i.e., the ratio of vertical to lateral thickness) will be required. Although
various x-ray techniques have been proposed for generating structures having thicknesses
on the order of 100 um, these thicknesses are much larger than necessary. Rather, it
Would be desirable to provide microstructures having vertical thicknesses on the order of
10 pm at an aspect ratio of about 10:1.

SUMMARY OF THE INVENTION _

According to one aspect of the invention there is provided a method for fabricating
a miniaturized structure, comprising the steps of: selecting a substrate material;
depositing on the substrate material a sacrificial layer of material; patterning the
sacrificial layer to define a shape; depositing on the sacrificial layer a photoresist layer of
material; pattqrnirig the photoresist layer by contrast-enhanced photolithography to form

a photoresist m(')_l'd;.' plating a metallic layer of material on the photoresist mold, said



etchants are chosen to provide high etching selectivity so as to etch the
sacrificial layer at a substantially higher rate thgp-the-retattic | ayer.
3. The nethod of claim 1 wherein the sacrificial ||pREPLASEMBHISES om a
glass material, the netallic layer is fqQrmed froma |fransit nA@be t {jand
the etchant is nade from an HF-based acid material. m.ate--ﬂl\a--- h¥&*o
claim1 wherein the sacrificial |layer is phosphosilic : he
metal |i c |phofdredist BOSPOBIIn® ba&é}h@dﬂ:c\vl\gto%ué 4 hee RtmBMBt métalliYstuefure Raviagam d
(HF). 5.  The nethod of claim4 wherein the contrast enhancenent |ayer is
formed fr caspect ratioodat leasn9iaaind glissolvimgathb alhbtorelyse mdldramtrthe sécrificialhiayer

nmet hod of claim 1 wherein the step of depositing a photoresist |ayer
further iusiigeichanthio forom bée jng metalliostowwhreast enhancenent | ayer on

t he photoresist layer. 7. The nethod of claim 1 wherein the step of
depositing a ingi o aqlcgp@r aspget |9& (the invention there is provided a method for

fabricating miniaturized - structures having a substrate material and a free standing

metallic structure positioned above the substrate, said structure being formed by the steps
of: selecting a substrate material; depositing on the substrate material a sacrificial layer
of material; patterning the sacrificial layer to define a shape; depositing on the sacrificial
layer a photoresist layer of material; patterning the phoforesist layer by contrast-
enhanced photolithography to form a photoresist mold having one or more substantially
.vertical sidewalls, iﬁcluding masking the photoresist layer and -exposing unmasked
portions of the photoresist layer using a source of collimated radiation :having a
wavelength of about 365 nanometer, and thereafter photodeveloping the photoresist layer
to remove the unmasked portions of the photoresist layer; electro-plating a metiallic layer
of material on the photoresist mold, said photorésist layer being patterned to provide a
free standing metallic structure having an aspect ratio of at least 9:1; and dissolving the
photoresist mold and the sacrificial layer using etchants to form a free standing metallic
structure.

According to still another aspect of the invention there is provided a method for
fabricating miniaturized structures having a substrate material and a free standing
metallic structure positioned above the substrate, said structure being formed by the steps
of:. selecting a substrate material; depositing on the substrate material a sacrificial layer
of material; patterning the sacrificial layer to define a shape; depositing on the sacrificial
layer a photoresist layer of material; patterning the photoresist layer by contrast-
enhanced photolithography to form a photoresist mold; plating a metallic layer of
material on the photoresist mold, said photoresist layer being patterned to provide a free

standing structure having an aspect ratio of at least 9:1 and a vertical thickness between



ll ncl udes the step of depositing a barrier layer on the photoresist. layes

and a contrast enhancenent |ayer on the barrier |ay GENT @'8,,_“§:‘§The
met hod of claim 1l wherein the step of patterning the W&rem St | ayer :

includes masking the photoresist |ayer gnd exposing SKER UG ms f
the photoresist layer using a |ow numerical aperture :

providing a source of collinmated radiation having a wavel ength of " about
0. 365 [errgbout 2-20 niibmmuesdrbodindidissolaing thevghetaresistt meoldomd dree sacsificia\iayeri s
formed at a thickness of not |ess than about 2 [err].
using etchants to form a free standing metallic structure.
.Embodiments of the present invention will now be described, by way of example
only, with reference to the accompanying drawings in which:
Fig. 1 is a diagrammatic plan view of a microactuator structure fabricated in
accordance with the present invention.
Figs. 2A-2M illustrate various stages of construction of the microactuator structure
of Fig. 1.
| Fig. 3 is a cross-sectional view taken along line 3-3 in Fig. 1.
Fig.4isa diagraxmﬁatic end view of a slider tracking system for a magnetic and/or
optical storage device.
Fig. 5 is a diagrammatic side view of a head tracking system for a magnetic and/or
optical data storage system.
Fig. 6 is a diagrammatic plan view of an area-efficient multi-electrode
microactuator system constructed based on the present invention.
Fig. 7 is a detailed view of a portion of the area-efficient microactuator of Fig. 6.
Referring to Figure 1, a miniaturized structure is formed as an electrostatic
microactuator device 10. The device 10 includes a substraté 12 having mounted thereon
a pair of spaced metallic anchors 14 and 16 disposed at opposing longitudinal ends of the
substrate 12, and a pair of spaced metallic stators 18 and 20 formed on the substrate

between the anchors 14 and 16 at opposing lateral ends of the substrate 12. There is

suspended between the anchors 14 and 16 a free standing metallic



10. The method of claim 1l wherein the photoresist layer is patternedt
provide a free standing structure having a verti cal LFKAe B T 4t
about 20 mcrometers. 11. A nethod for fabricating ﬂh%kggﬁ?’f%’éigos} Fuc
having a substrate material and a free g§fanding netlalljc st cAUG ei997

ures

posi ti oned above the substrate, said structure bein DES e by th ps
of : . selecting a substrate materi al; depositing on the substrate
material a sacrificial layer of nmateriGILAIMS  patterning the sacrificial
layer to define a shape; depositing on the sacrificial |ayer a

phot or esi st. | aemetbbd fiert fabricdting a miniatprizadestructuge,tdoeppisitgathe steps of:ayer by
contrast - enhanced photolithography to forma photoresist nold having one
or nore subst affl¢chiDE\a substigte Matesiaiewal | s, i ncl udi ng masking the

phot oresi st | ayer and exposing unmasked portions of the photoresist |ayer
using a sourc Wﬁlt@glqmtﬁﬁﬁ‘&igﬁ'&d?‘%ﬁl@rﬁﬁﬁvhﬁépléyw«am@ﬁi}@lh of about 365

nanomet er, andpatternjng the sacrificial layer to define a shape;

depositing on the sacrificial layer a photoresist layer of material;

patterning the photoresist layer by contrast-enhanced photolithography to form a
photoresist mold;

plating a metallic layer of material on the photoresist mold, said photoresist layer
being patterned to provide a free standing metallic structure having an aspect ratio of at
least 9:1; and

dissolving the photoresist mold and the sacrificial lz:tyer using etchants to form a
free standing metallic structure.
2. The method of claim 1 wherein the sacrificial layér, the metallic layer and the
etchants are chosen to provide high etching selectivity so as to etch the sacrificial layer at
a substantially higher rate than the metallic layer.
3. The method of claim 1 wherein the sacrificial layer is formed from a glass
material, the metallic layer is formed from a transition element and the etchant is made
from an HF-based acid material.
4.  The method of claim 1 wherein the sacrificial layer is phosphosilicate glass (PSG),
the metallic layer is copper or chromium and the etchant is hydrofluoric acid (HF).
5. . The method of claim 4 wherein the contrast enhancement layer is formed from a
composition having a bleachable dye therein.
6. The method of claim 1 wherein the step of depositing a photoresist layer further
includes the step of depositing a contrast enhancement layer on the photoresist layer.
7.  The method of claim 1 wherein the step of depositing a photoresist layer further
includes the step of depositing a barrier layer on the photoresist layer and a contrast

enhancement layer on the barrier layer.
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theréafter phot odevel opi ng the photoresist |layer to rg )
portions of the photoresist |ayer; el ectro-pl at ﬁgPhAﬂﬁMENTSﬁEEEyTr

of material on the photoresist nold, said photoresist || aye’rgembg-
patterned to provide a free standing netgllic structureba@vi.ngy’ ...@ect
ratio of at least 9:1; and di ssol ving the photdre'—sﬁf:ﬁﬁ:a‘nmé
sacrificial layer using etchants to forma free standing netallic

structure.8. The method of claim 1 wherein the step of patterning the photoresist layer includes
REPLACEMENT SHEET 13 12. The
met hod of mhskimg it phtoresint iayer amd exposmigatinthasited pottions roft the Iphotdresysrlayerd
t he

using a low numerical aperture projection system providing a source of collimated
radiation having a wavelength of about 0.365 um.
9. The method of claim 1 wherein the photoresist layer is formed at a thickness of not
less than about 2 pm.
10. The method of claim 1 wherein the photoresist layer is patterned to provide a free
standing structure having a vertical thickness of up to about 20 micrometers.
11. A method for fabricating miniaturized structures having a substrate material and a
free stahding metallic structure positioned above the substrate, said structure being
formed by the steps of:

selecting a substrate material; ‘

depositing on the substrate material a sacrificial layer of material;

patterning the sacrificial layer. 'to define a shape;

depositing on the sacrificial layer a photoresist layer of material;

patterning the photoresist layer by contrast-enhanced photolithography to form a
photoresist mold having one or more substantially veftical sidewalls, including masking
the photoresist layer and exposing unmasked portions of the photoresist layer using a

- source of collimated radiation having a wavelength of about 365 nanometer, and
thereafter photodeveloping the photoresist layer to remove the unmasked portions of the
. photoresist layer;

electro-plating a metallic layer of material on the photoresist mold, said photoresist
layer being patterned to provide a free standing metallic structure having an aspect ratio
of at least 9:1; and

dissolving the photoresist mold and the sacrificial layer using etchants to form a

free standing metallic structure.
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etchant are chosen to provide high etching selectivity sa_as to_etch the

“sacrificial layer at a substantially higher rate than thﬁEﬂEA@édﬂth AY-ET - 'f

13. The method of claim 11 wherein the sacrificial laygr 1s forned from

”éét%'..Q....&!ﬂM?ﬂg_g'ﬁn

glass material, the nmetallic layer is rmed froma tr
the etchant is nmade froman acid material. 14. The net
wherein the sacrificial |ayer is phosphosilicate glass (PSG, the netallic
| ayer is q@ppaheQhetbbd @fidlaiimantl wikgeiat thé akdrificial 'xybrofthe aietllid tdyér antFthe

15. The method of claim 14 wherein the contrast enhancenent |ayer is forned
froma cethastidre chosea\to pgovdadd hiphodtetihg selgotivith ao @k o etchGhe Siveifivid] Haybr ait
claim 11 wherein the step of depositing a photoresist |ayer further

i ncl udes amebmmmllafhlgl@p@sfctﬂlaxgtha mesallic dayer.enhancenent | ayer on the

phot oresi st | ayer
13. e method of claim 11 wherein the sacrificial layer is formed from a glass

material, the metallic layer is formed from a transitic_m element and the etchant is made
from an acid material.
14. The method of claim 11 wherein the sacrificial layer is phosphosilicate glass
(PSG), the metallic layer is copper or chromium and the etchant is hydrofluoric acid
EF). |
15. The method of claim 14 wherein the contrast enhancement layer is formed from a
composition having a bleachable dye therein.
16. The method of claim 11 wherem the step of depositing a photoresist layer further
includes the step of depositing a contrast enhancement layer on the photoresist layer.
17. The method of claim 11 wﬁerein the step of depositing a photoresist layer further
includes the step of depositing a barrier layer on the photoresist layer and a contrast
enhancement layer on the barrier layer.
18. The method of claim 11 wherein the photoresist layer is formed at a thickness of
not less than about 2 pm.
19. A method for fabricating miniaturized structures having a substrate material and a
free standing metallic structure positioned above the substrate, said structure being
formed by the steps of: |
.. selecting a substrate material;

depositing on the substrate material a sacrificial _layér of material;

patterning the sacrificial layer to define a shape;

depositing on the sacrificial layer a photoresist layer of material;

patterning the photoresist layer by contrast-enhanced photolithography to form a

photoresist mold;

HII\ll\ M IIlll L



17. The method of claim 11 wherein the step of deposi tdi & photoresist...
| ayer further includes the step of depositing a barrilerebenesent Ehest I
photoresi st |ayer and a contrast enhancenent |ayer of the P%Mr-@yer;
18. The nethod of claim 11 wherein the photoresist |ayepatss. Nofws ol 4 aj

t hi ckness of not less than about 2 J[err]. 19. A ne i k=R
mniaturized structures having a substrate material and a free standing
netal lic struglating »astilliotedr df anstertidlonsthb photirésist 380ld, sdid photoresindayg
formed by -t he steps of: selecting a substrate material;

deposi t i ndeing pditermadbiot pravide mefres stahding siamoturei avilg dncaspect afitioraf erleast; 9:1
patterning the sacrificial layer to define a shape; depositing on the
sacri fi ci @indlaa¥estical thipkness befween pbgui2-2} minrometers; and patterning the

phot oresi st | ayer by contrast-enhanced photoljthography to forma
-dissolving the photoresist mold and the sacrificial Tayer using etchants to form a

~ free standing metallic structure.
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4.

phO?OreSiSt mol d; plating a nmetallic |ay LT
t he photoresist nold, said photoresist |ayer being pat GRMQWEN'E)W@%* a(

free standing structure having an aspect ratio of at le st 9: 1 éagﬂgaﬁy
the

vertical thickness between about 2-20 m croneters; and Date : d4
photoresi st nold and the sacrificial |ayer u5| ng etchan forma  free
standing netallic structure. 15

ABSTRACT i

MICRO-MINIATURE STRUCTURE FABRICATION

In the fabrication of a free-standing.miniaturized structure in_a
5 range of about iO to 20 ym thick, a method baéed on a sacrificial system
includes the steps of selecting a substrate material, depositing on the
substrate material a sacrificial layer 58 of material and.patterning the
sacrificial layer to define a shape. A photoresist layer 62 of material
is deposited on the sacrificial iayeriand patterned by contrast-enhanced
10 photblithoéraphy to form a photoresist mould. Upon the mould there is
plafed a metallic layer 68 of material. The electroplated structure
~conforms to the résist profile and can have a'thickness many times that
of conventional pglysilicon microstructures. The photoresist mould and
the sacrificial layer are thereafter dissolved using etchants to form a
15 free standing metallic structure in a range of about 10 to 20 um thick,

with vertical to lateral aspect ratios of 9:1 to 10:1 or more.



